The Epstein-Barr virus immediate-early protein, BZLF1 (Z), initiates the switch between latent and lytic infection and plays an essential role in mediating viral replication. Z also inhibits expression of the major receptor for tumor necrosis factor (TNF), TNFR1, thus repressing TNF cytokine signaling, but the mechanism for this effect is unknown. Here, we demonstrate that Z prevents both C/EBP␣-and C/EBP␤-mediated activation of the TNFR1 promoter (TNFR1p) by interacting directly with both C/EBP family members. We show that Z interacts directly with C/EBP␣ and C/EBP␤ in vivo and that a Z mutant altered at alanine residue 204 in the bZIP domain is impaired for the ability to interact with both C/EBP proteins. Furthermore, we find that the Z(A204D) mutant is attenuated in the ability to inhibit the TNFR1p but mediates lytic viral reactivation and replication in vitro in 293 cells as well as wild-type Z. Although Z does not bind directly to the TNFR1p in EMSA studies, chromatin immunoprecipitation studies indicate that Z is complexed with this promoter in vivo. The Z(A204D) mutant has reduced interaction with the TNFR1p in vivo but is similar to wild-type Z in its ability to complex with the IL-8 promoter. Finally, we show that the effect of Z on C/EBP␣-and C/EBP␤-mediated activation is promoter dependent. These results indicate that Z modulates the effects of C/EBP␣ and C/EBP␤ in a promoter-specific manner and that in some cases (including that of the TNFR1p), Z inhibits C/EBP␣-and C/EBP␤-mediated activation.
More than 90% of adults are infected with Epstein-Barr virus (EBV) (61) . Although infection with this herpesvirus usually occurs during childhood and is asymptomatic, if acquired during adolescence or adulthood it can cause infectious mononucleosis. While the primary illness is usually short-lived, the virus persists in the host for life. EBV is also associated with several types of cancer, including Burkitt's lymphoma, the most common childhood cancer in equatorial Africa, and nasopharyngeal carcinoma (61, 80) . EBV persists in the host by establishing a latent infection in memory B cells and reactivating periodically to undergo the lytic form of viral replication (38) . The infectious viral particles released during lytic infection can be passed to new hosts via saliva (38, 61) .
Expression of the two viral immediate-early proteins, BZLF1 (Z) and BRLF1 (R), leads to lytic reactivation in latently infected cells (11, 12, 62, 70, 71) . Together, Z and R turn on the expression of the viral lytic proteins required for viral replication (12, 18, 24, 28, 36, 54, 59, 61, 62, 78) . Z (also called Zta, ZEBRA, and EB1) is a member of the basic leucine zipper (bZIP) family of DNA binding proteins and is active only as a homodimer (70) . Z transcriptionally activates lytic viral genes by binding to their promoters at AP-1-like sites called Z response elements (ZREs) (10, 17, 20, 41, 42) . Furthermore, direct binding of Z to the EBV lytic origin of replication (oriLyt) is required for viral replication (19, 66, 79) , and Z directly interacts with certain core viral replication proteins (40, 79) .
In addition to activating other lytic viral genes, Z can also either activate or repress the expression of cellular genes. Some of the cellular genes inhibited by Z are important for the host immune response to virally infected cells (8) . For example, Z downregulates expression of the genes encoding the receptors for the antiviral cytokines gamma interferon (IFN-␥) (50) and tumor necrosis factor (TNF; formerly TNF-␣) (49) during lytic infection. However, the mechanisms by which Z inhibits transcription of certain cellular genes have not been well studied.
TNF is a multifunctional cytokine that is a key regulator of the host inflammatory and immune responses (44) and also mediates changes at the cellular level, including proliferation, differentiation, and apoptosis. The TNF protein, released by immune effector cells and epithelial cells, mediates its effects through binding to its major receptor, TNFR1 (also known as p55 TNFR, TR60, and CD120a), which is expressed on the surfaces of most cells. When TNF binds to its receptor, it starts a cascade of signals in the cell which ultimately leads to cell death or survival (5) . Virally infected cells whose receptors are stimulated can be induced to start the apoptosis process, essentially preventing the virus from further replicating in these cells (4) . The specific importance of TNF in the ability of the host to control the outcome of herpesvirus infections was shown in studies that used neutralizing antibodies against TNF in mouse models for herpes simplex virus type 1 (37) and murine cytomegalovirus (29) infection. Not surprisingly, many viruses have evolved ways to subvert steps in the TNFR1 signaling pathway (73) . Cytomegalovirus, for example, disrupts TNFR1 signaling by relocalizing the receptor from the cell surface (3, 58) .
We previously showed that the EBV Z protein decreases TNFR1 promoter (TNFR1p) activity in EBV-negative cells and demonstrated that induction of the lytic form of viral infection inhibits TNF-induced gene expression and cell killing in EBV-infected AGS cells (49) . However, the mechanism for this effect has not been defined. To date, relatively little is known about how the TNFR1 promoter is normally regulated (35, 67, 72) . However, our laboratory recently demonstrated that the promoter contains a C/EBP binding site and showed that both C/EBP␣ and C/EBP␤ bind to and activate the TNFR1 promoter (7) . Since the C/EBP␣ protein has been shown to directly interact with Z (76, 77) , and the Z protein can bind to some consensus C/EBP sites (42, 75) , we hypothesized that Z might inhibit transcription of the TNFR1 gene through its effects on C/EBP␣ and/or C/EBP␤. C/EBP␣ and C/EBP␤, like Z, are bZIP proteins. These two transcription factors have a conserved leucine zipper (bZIP) domain that allows them to bind to similar DNA recognition sequences (53) . Members of the C/EBP family have important roles in cell growth and differentiation (60) . C/EBP␣, which is highly expressed in liver, intestine, lung, and peripheral blood mononuclear cells, among others, plays a key role in monocyte and granulocyte differentiation (22, 74) . C/EBP␣ also inhibits cell cycle progression in many cell types (51, 68) . C/EBP␤, which is widely expressed, directs macrophage differentiation (56) and plays an important role in inducing immune responses in specific cell types (57) . Furthermore, both C/EBP␣ and C/EBP␤ contribute to keratinocyte differentiation (43) .
Here, we report that Z decreases TNFR1 expression by preventing C/EBP␣-and C/EBP␤-mediated activation of the TNFR1 promoter (TNFR1p). We show that Z interacts directly with both C/EBP␣ and C/EBP␤ and that this interaction requires Z alanine residue 204 in the bZIP domain. Furthermore, we find that the mutant Z(A204D) protein, while transcriptionally competent and able to induce virus replication, is impaired in the ability to inhibit C/EBP␣ and C/EBP␤ activation of TNFR1p in reporter gene assays. In addition, in comparison to wild-type (wt) Z, the mutant Z(A204D) protein has a reduced ability to decrease expression of the TNFR1 protein in transfected Hone cells. Although Z does not bind directly to the TNFR1 promoter in gel shift assays, chromatin immunoprecipitation (ChIP) assays reveal that the wild-type Z protein is complexed with the TNFR1 promoter in vivo and that the mutant Z(A204D) protein has reduced interaction with the TNFR1 promoter. Finally, we show that the effect of Z on C/EBP␣-and C/EBP␤-mediated activation of promoters is dependent upon the specific promoter context. These results suggest that Z regulates transcription of certain genes indirectly through its effects on C/EBP family members.
MATERIALS AND METHODS

Cells.
HeLa cervical carcinoma cells, Hone nasopharyngeal carcinoma cells (EBV negative), AGS gastric carcinoma cells (EBV negative), and HEK-293 embryonic kidney cells were maintained in Dulbecco's modified Eagle medium (DMEM; Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA), 100 units/ml penicillin, and 100 g/ml streptomycin. 293 cells infected with a BZLF1-deleted EBV mutant (293-ZKO cells), a gift from Henri-Jacques Delecluse, have previously been described (13, 18) and were maintained as described above and supplemented with 100 g/ml hygromycin B. Raji cells (ATCC) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, penicillin, and streptomycin. Cells were transiently transfected using FuGENE 6 (Roche, Indianapolis, IN) or Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Plasmids. The TNFR1p-CAT plasmids contain the TNFR1 promoter region from position Ϫ338 through position ϩ35 (relative to the transcriptional start site) inserted upstream of the chloramphenicol acetyltransferase (CAT) reporter gene (49) . A TNFR1 promoter construct in which the C/EBP binding motif is specifically mutated (⌬C/EBP TNFR1p-CAT) was constructed as previously described (7) . C/EBP␣ and C/EBP␤ expression plasmids were gifts from Ormond MacDougald at the University of Michigan. Each plasmid has the fulllength mouse C/EBP␣ or C/EBP␤ gene sequence inserted into a pcDNA3.1ϩ expression vector. GST-C/EBP␣ and GST-C/EBP␤, containing the murine C/EBP gene sequences fused in frame to the glutathione S-transferase (GST) protein and inserted into pGEX, were gifts from Wen-Hwa Lee. The GST-Z vector was constructed as previously described (36) and contains the Z gene sequence inserted into pGEX. The Z and R expression vectors (pSG5-Z and pSG5-R) were gifts from S. Diane Hayward (63) . These vectors contain genomic Z or R downstream of the simian virus 40 (SV40) promoter in the pSG5 vector (Stratagene). Site-directed mutagenesis was used to create the Z(A204D) mutation in the Z genomic pSG5 vector. Z cDNA (a gift from Paul Farrell) was cloned into the pSG5 vector to create pSG5-ZcDNA, which was used to in vitro translate the Z protein. The Z(A204D) mutation was also inserted into the Z cDNA in the pGEM vector (a gift from Erik Flemington), and this vector was used to in vitro translate the Z(A204D) protein. The Z(L214R/L218R) cDNA mutant (21) was also a gift from Erik Flemington. Z-FLAG (3xFLAG-Zta), a gift from Paul Lieberman, has Z cDNA inserted into a p3xFLAG-myc-CMV24 vector (Sigma, Saint Louis, MO) for mammalian cell expression of a FLAGtagged Z protein. Site-directed mutagenesis was used to create the Z(A204D) mutation in the Z-FLAG vector. pRK-BALF4 encodes EBV glycoprotein 110 (gp110) and was a gift from Henri-Jacques Delecluse (52) . Ob-LUC (a gift from Ormond MacDougald) contains the promoter from the obesity (Ob) gene inserted upstream of the luciferase gene in the pGL3-basic vector (Promega, Madison, WI). Zp-LUC contains the Z promoter (Zp) sequence (from position Ϫ495 to position ϩ28 relative to the Z transcription start site) inserted upstream of the luciferase gene in pGL3-basic.
CAT assay. Cells were transiently transfected with the TNFR1p-CAT plasmid (250 ng), along with combinations of C/EBP␣ (100 ng), C/EBP␤ (100 ng), SG5-Z (250 ng), SG5-Z(A204D) (250 ng), and empty vector (control) plasmids. After 48 or 72 h, cells were harvested in reporter lysis buffer (Promega) plus protease inhibitors (Roche) and subjected to freeze-thawing and centrifugation per the manufacturer's instructions. The cell lysates were incubated at 37°C with acetyl coenzyme A and 14 C-labeled chloramphenicol (Amersham Biosciences, Piscataway, NJ), as described previously (23) . The activity of the TNFR1 promoter was measured by acetylation of chloramphenicol, and the percent acetylation was quantitated by thin-layer chromatography followed by phosphorimager screening using a Storm 840 phosphorimager (Molecular Dynamics, Piscataway, NJ). The results were quantified using ImageQuant software (Amersham Biosciences). Extracts in reporter lysis buffer were also subjected to immunoblotting to verify equivalent protein levels.
GST pulldown assays. GST fusion proteins were expressed in bacteria and harvested as crude lysate as described previously (26) . Crude lysate (40 l) containing GST proteins was incubated with 40 l 50% slurry glutathione (GSH)-agarose beads (Sigma) per reaction and rotated at 4°C for 1 h. The GST-coated beads were washed 3 times with 1ϫ phosphate-buffered saline (PBS) and then resuspended in 500 l binding buffer (140 mM NaCl, 0.2% NP-40, 100 mM NaF, 200 M NaO 3 2027) . A/G beads were added and rocked at 4°C for 2 h. Beads were spun down and washed three times in NP-40 lysis buffer. Sample buffer (6ϫ) was added to each sample, and the samples were subjected to immunoblot analysis using the following antibodies: mouse monoclonal anti-C/EBP␤ (sc-7962), mouse monoclonal anti-Z (sc-53904), and goat polyclonal anti-C/EBP␣ (sc-9314). Immunoblot analysis. Immunoblotting was performed as described previously (7). Briefly, cells were lysed in SUMO buffer plus protease inhibitors and then sonicated and centrifuged. Equivalent amounts of protein were separated in sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to nitrocellulose membranes. Membranes were blocked in 5% milk and then incubated with the appropriate primary antibodies diluted in 5% milk in 1ϫ PBS and 0.1% Tween 20 (PBS-T). The primary antibodies were as follows: mouse monoclonal anti-C/EBP␤ (sc-7962; Santa Cruz), mouse monoclonal anti-Z (sc-53904), mouse monoclonal anti-TNFR1 (sc-8436), rabbit monoclonal anti-C/EBP␣ (1704-1; Epitomics), goat polyclonal anti-C/EBP␣ (sc-9314), and mouse monoclonal anti-␤-actin (A5441; Sigma). After being washed, the membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies (Pierce, Waltham, MA) in 5% milk-1ϫ PBS-T for 1 h at room temperature and then washed again. Bound antibodies were visualized by use of enhanced chemiluminescent reagent (Pierce) according to the manufacturer's instructions.
Virus reactivation and lytic replication assays. Virus reactivation and lytic replication titration assays were performed as previously described (30) . 293-ZKO cells were transfected with vector control, SG5-Z (250 ng), or SG5-Z(A204D) (400 ng); for viral replication assays, expression vectors for the EBV gp110 protein (500 ng) and the EBV BRLF1 protein (500 ng) were also cotransfected. More Z(A204D) plasmid (versus wild-type Z) was transfected to correct for the fact that the mutant protein is somewhat less stable than the wild-type Z protein in 293-ZKO cells (data not shown). After 72 h, supernatant from the transfected cells was collected and filtered through a 0.8-m-pore-size filter. The filtered virus was used to infect Raji cells (2 ϫ 10 5 cells/infection). Phorbol-12-myristate-13-acetate (TPA; 20 ng/ml) and sodium butyrate (3 mM final concentration) were added at 24 h postinfection. Green fluorescent protein (GFP)-positive Raji cells were counted 72 h after infection to determine viral titer. The protein extracts of the transfected 293-ZO cells were analyzed in immunoblot assays to ensure equal levels of transfected wild-type and mutant Z proteins in each experiment.
Luciferase assay. HeLa cells were transiently transfected with Ob-LUC or Zp-LUC plasmid (250 ng), along with combinations of C/EBP␣ (100 ng), C/EBP␤ (100 ng), Zwt (250 ng), Z(A204D) (250 ng), and empty vector (control) plasmids. Cells were harvested 48 h later. Luciferase assays were performed by using extracts prepared by freeze-thawing the cell pellet in reporter lysis buffer plus protease inhibitors according to the instructions of the manufacturer (Promega). Luciferase activity was assayed using the luciferase reporter assay system (Promega), as suggested by the manufacturer, with a Monolight 3010 luminometer (Analytical Luminescence Laboratory, San Diego, CA).
EMSA. Klenow fragment DNA polymerase I (Roche) and [␥-32 P]dATP/dCTP (Amersham Biosciences) were used to label double-stranded, annealed DNA oligonucleotides for use in DNA-protein binding experiments. The oligonucleotides consisted of a 20-bp sequence containing a C/EBP site (underlined) in the TNFR1 promoter (TNFR1 positions Ϫ94 to Ϫ75 [5Ј-GAT CTC CCG CTG TTG CAA CAC TGC-3Ј and 5Ј-GAT CGC AGT GTT GCA ACA GCG GGA-3Ј]). An oligonucleotide containing the consensus C/EBP binding sequence was also synthesized (5Ј-GAT CCT AGC TGC AGA TTG CGC AAT CTG CAG-3Ј and 5Ј-GAT CCT GCA GAT TGC GCA ATC TGC AGC TAG-3Ј). The protein samples used in electrophoretic mobility shift assays (EMSAs) were either nuclear protein extracts harvested from transfected cells or in vitro-translated protein (IVP). In vitro-translated proteins were generated using TNT T7 or the SP6 quick coupled transcription/translation system (Promega) in accordance with the manufacturer's instructions. To make nuclear extracts, cells were transfected with plasmid DNA, harvested after 48 or 72 h, and prepared as described previously (7) . Protein samples (2 g nuclear extract or 2 l IVP protein) were incubated with binding buffer [10 mM HEPES (pH 7.9), 50 mM KCl, 2.5 mM MgCl 2 , 10% glycerol, 1 g BSA, 1 mM dithiothreitol, 2 g poly(dI-dC)] for 5 min at room temperature before addition of radiolabeled probes (20,000 cpm/20-l reaction mixture). After incubation for 20 min at room temperature, the samples were loaded onto a 4% polyacrylamide gel and run in 0.5ϫ Tris-borate-EDTA buffer at room temperature. Supershift experiments adding 2 g specific antibody to the protein-DNA complexes were performed to confirm the identity of the binding protein. The antibody used was goat polyclonal C/EBP␣ (sc-9314), mouse monoclonal C/EBP␤ (sc-7962), or mouse monoclonal Z (11-007; Argene, Verniolle, France).
ChIP. HeLa cells (3 ϫ 10 7 cells per condition) or 293 cells were transfected with a control vector, Z, or Z(A204D) and harvested after 24 h for ChIP assays using a modified Upstate ChIP protocol (Millipore, Billerica, MA). Chromatin was sonicated to ϳ500 bp. The sonicated DNA was precleared with a 50% slurry of protein A/G PLUS agarose beads in Triton lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% BSA, 10 g/ml salmon sperm DNA) and then incubated overnight at 4°C with 2 g of antibody. The antibodies used were control mouse IgG (sc-2025; Santa Cruz), mouse monoclonal anti-Z (sc-53904), and mouse monoclonal anti-C/EBP␤ (sc-7962). Input (total) DNA was obtained from samples not incubated with antibody. ChIP DNA was analyzed using primers spanning TNFR1p positions Ϫ154 to Ϫ35 (5Ј-AGT TAA AGA ACG TTG GGC CTC CT-3Ј and 5Ј-GCA GAG AGG AGG GGA GAG AAG G-3Ј), the ␤-globin gene (5Ј-AGG GCT GGG CAT AAA AGT CA-3Ј and 5Ј-GCC TCA CCA CCA ACT TCA TC-3Ј), and the interleukin-8 promoter (IL-8p) (5Ј-ACC AAA TTG TGG AGC TTC AGT-3Ј and 5Ј-AGC TTG TGT GCT CTG CTG TCT-3Ј). ChIP assay results were quantified using Quantity One software (Bio-Rad Laboratories) and results normalized relative to levels for input DNA for each condition.
RESULTS
Z inhibits C/EBP␣-and C/EBP␤-mediated activation of TNFR1p.
We recently showed that the TNFR1 promoter (TNFR1p) contains a C/EBP binding site located from position Ϫ88 to position Ϫ80 (relative to the transcriptional start site) and that both C/EBP␣ and C/EBP␤ enhance the activity of TNFR1p through this binding site (7) . Since Z has been reported to directly interact with the C/EBP␣ protein (76, 77), we examined whether Z affects the ability of cotransfected C/EBP␣ and C/EBP␤ to activate the TNFR1 promoter. As shown in Fig. 1 , both C/EBP␣ (Fig. 1A) and C/EBP␤ (Fig. 1B) activated TNFR1p-CAT activity in the absence of Z, but this effect was greatly diminished in the presence of cotransfected Z. The protein levels of transfected C/EBP␣ and C/EBP␤ were not reduced in the presence of cotransfected Z (Fig. 1A and B, right panels) but were instead increased in some experiments (consistent with a previous report indicating that Z stabilizes C/EBP␣ [76] ). Although Z has been shown to enhance activation of its own promoter (Zp) by C/EBP␣ (77), the results here indicate that Z prevents activation of the TNFR1 promoter by both C/EBP␣ and C/EBP␤. Z alanine residue 204 is important for interaction of Z with C/EBP␣ and C/EBP␤. Z interacts directly with C/EBP␣ in vitro, and a Z mutant containing an aspartic acid (instead of alanine) at residue 204 within the bZIP domain is impaired for the ability to interact with C/EBP␣ in vitro (77) . To determine if Z also directly interacts with C/EBP␤, we performed GST pulldown assays using in vitro-translated, 35 S-labeled C/EBP␣, C/EBP␤, or Z proteins and GST or GST-Z fusion proteins. As expected, in vitro-translated wild-type Z interacted much more strongly with the GST-Z protein than with the control GST protein ( Fig. 2A) . In vitro-translated C/EBP␣ and C/EBP␤ also interacted with the GST-Z fusion protein much more strongly than with the GST protein ( Fig. 2A) . The results indicate that Z interacts with both C/EBP␣ and C/EBP␤ in vitro.
To determine if Z alanine residue 204 is important for the ability of Z to interact with both C/EBP␣ and C/EBP␤, we next compared the abilities of in vitro-translated wild-type Z and a Z(A204D) mutant to interact with the GST-Z, GST-C/EBP␣, and GST-C/EBP␤ proteins in vitro. As shown in Fig. 2B , in comparison to wild-type Z, the Z(A204D) mutant had reduced interactions with both the GST-C/EBP␣ and GST-C/EBP␤ proteins but was similar to wild-type Z with regard to its ability to interact with the GST-Z protein (Fig. 2C) . As expected, a Z mutant previously shown to be unable to homodimerize, Z(L214R/L218R) (21), did not interact with GST-Z (Fig. 2C) . These results suggest that the Z(A204D) mutant is deficient in its ability to interact with both C/EBP␣ and C/EBP␤ in vitro but is not defective for homodimerization.
To determine if the Z(A204D) mutant is defective at interacting with C/EBP proteins in vivo, HeLa cells were transfected with expression vectors for wild-type Z-Flag, Z(A204D)-Flag, C/EBP␣, and C/EBP␤ (alone or in combination), and coimmunoprecipitation studies were performed using antibodies directed against Flag, C/EBP␣, C/EBP␤, or control antibodies. As shown in Fig. 2D and E, wild-type Z directly interacts with cotransfected C/EBP␣ and C/EBP␤. In contrast, the Z(A204D) mutant is highly defective in the ability to interact with both C/EBP␣ and C/EBP␤. These results indicate that Z interacts with both the C/EBP␣ and the C/EBP␤ proteins in vivo and that Z alanine residue 204 is required for efficient interaction with both C/EBP proteins.
The Z(A204D) mutant is attenuated in the ability to inhibit C/EBP␣ and C/EBP␤ activation of the TNFR1 promoter. Given the poor ability of the Z(A204D) mutant to interact directly with the C/EBP proteins, we next determined if this mutant is also defective in the ability to inhibit C/EBP␣ and C/EBP␤ activation of the TNFR1 promoter. In comparison to the wild-type protein, the Z(A204D) mutant had a reduced ability to block both C/EBP␣ and C/EBP␤ transactivation of the TNFR1 promoter (Fig. 3A and B, left panels) , although in some experiments the mutant Z(A204D) protein level was actually higher than that of wild-type Z (Fig. 3B, right panel) . The Z(A204D) mutant was also impaired in comparison to wild-type Z in the ability to inhibit the constitutive activity of the TNFR1 promoter (Fig. 3C) . To confirm that the C/EBP binding motif in the TNFR1 promoter is required for the ability of Z to inhibit its activity, we also compared the abilities of Z to inhibit the activity of the wild-type TNFR1 promoter and a promoter construct containing a mutated C/EBP binding motif (⌬C/EBP TNFR1p-CAT). As shown in Fig. 3D , the inhibitory effect of Z required the C/EBP binding site in the TNFR1 promoter.
Finally, to determine whether the ability of Z to downregulate endogenous TNFR1 protein expression in cells also requires its ability to interact with C/EBP proteins, we compared the effects of transfected wild-type Z and the Z(A204D) mutant on the level of TNFR1 protein expression in Hone cells. As shown in Fig. 3E , wild-type Z decreased the level of endogenous TNFR1 protein expression to a much greater extent than the Z(A204D) mutant, although the levels of Z expression and C/EBP expression were similar in cells transfected with the wild-type or mutant Z vectors. Together, these results suggest that a direct interaction between Z and the C/EBP␣ and C/EBP␤ proteins contributes to its ability to inhibit the TNFR1 promoter as well as TNFR1 protein expression.
The Z(A204D) mutant is not defective in regard to its transcriptional or replicative functions in 293 cells. To determine if the direct interaction between Z and the C/EBP␣ and/or C/EBP␤ protein is important for the ability of Z to induce lytic viral gene transcription or mediate lytic viral replication, we transfected the wild-type or mutant (A204D) Z protein into 293-ZKO cells, which are stably infected with a BZLF1-deleted EBV mutant (13, 18) . Note that 293 cells, similar to many tumor cell lines, do not express the TNFR1 protein to any degree (presumably reflecting methylation of the TNFR1 promoter) but do express C/EBP␣ and C/EBP␤ (Fig. 4A) . Consistent with its ability to homodimerize (which is required for Z DNA binding activity and transcriptional function), we found that the Z(A204D) mutant reactivated expression of the EBV lytic viral protein BMRF1 (EAD) as efficiently as did the wild-type Z protein (Fig. 4B) . This result indicates that the ability of Z to interact directly with C/EBP proteins is not required for its ability to activate lytic viral gene expression.
Since certain Z mutants are transcriptionally competent but defective at inducing viral replication (16, 46) , and the EBV lytic origin of replication contains C/EBP binding sites as well as Z binding sites (33), we next compared the abilities of wild-type Z and the Z(A204D) mutant to produce infectious viral particles following transfection of 293-ZO cells. As shown Fig. 1 clearly suggest that Z inhibits the ability of C/EBP␣ and C/EBP␤ to transactivate the TNFR1 promoter, a previous study reported that Z enhances the ability of the C/EBP␣ and ␤ proteins to activate its own promoter (Zp) (33) . To determine if the ability of Z to block C/EBP activation is 
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REGULATION OF TNFR1 BY EBV BZLF1 AND CELLULAR C/EBPunique to the TNFR1 promoter, we examined the effect of Z on C/EBP␣-mediated activation of the well-studied, C/EBP␣-responsive obesity (Ob) promoter (47) . As shown in Fig. 5A , we found that similar to its effect on the TNFR1 promoter, Z also inhibited the ability of C/EBP␣ to activate the Ob promoter and decreased its constitutive activity. In contrast, as previously reported (33), we confirmed that Z interacts cooperatively with C/EBP␣ (as well as C/EBP␤) to activate its own promoter (Fig. 5B) . These results indicate that while Z clearly inhibits the ability of C/EBP␣ and C/EBP␤ to activate a subset of promoters, the effects of the interaction are promoter specific. Interestingly, although the Z(A204D) mutant was found to be impaired in the ability to inhibit C/EBP␣-and C/EBP␤-mediated activation of the TNFR1 promoter (Fig. 3) , it had no defect in the ability to mediate cooperative activation of the Zp promoter in conjunction with C/EBP␣ and C/EBP␤ (Fig. 5B) . This result suggests that the ability of the Z and C/EBP␣/␤ proteins to cooperatively activate the Zp promoter does not involve direct protein-protein interactions between Z and C/EBP family members.
Z does not bind directly to the TNFR1 promoter C/EBP site. Since Z is known to bind to a variety of AP1-like DNA sequences, including some C/EBP binding motifs, we performed EMSAs (gel shifts) to determine if Z binds directly to the C/EBP site in the TNFR1 promoter (Fig. 6) . While in vitrotranslated Z bound to a labeled probe containing the consensus C/EBP sequence, it did not detectably bind to the specific C/EBP site in the TNFR1 promoter. As expected, C/EBP␣ and C/EBP␤ both bound to the consensus C/EBP site and the previously identified C/EBP site in the TNFR1 promoter. Z also did not bind to a series of overlapping probes spanning the first 500 base pairs of the TNFR1 promoter in EMSA studies (data not shown). These results indicate that Z does not bind directly to the TNFR1 promoter.
Z does not inhibit binding of C/EBP␣ and C/EBP␤ to the TNFR1 promoter in EMSAs. To determine if Z inhibits the ability of C/EBP␣ and/or C/EBP␤ to bind to the TNFR1 promoter, we initially performed EMSAs using nuclear extracts obtained from HeLa cells transfected with C/EBP␣ or C/EBP␤ expression vectors in the presence or absence of a cotransfected Z protein. As shown in Fig. 7A , C/EBP␣ bound to the TNFR1 C/EBP motif, as expected, and this binding was supershifted with an antibody against C/EBP␣. In extracts obtained from cells cotransfected with both Z and C/EBP␣ (Fig. 7A) , the amount of C/EBP␣ binding was similar to that observed in cells transfected with C/EBP␣ alone. To confirm that Z was not a part of the C/EBP␣ binding complex, we examined the ability of antibodies directed against C/EBP␣ or Z to supershift the C/EBP␣ binding complex in cells cotransfected with both C/EBP␣ and Z (Fig. 7B) . Only the C/EBP␣ antibody was able to supershift the complex. Similar results were seen in cells transfected with C/EBP␤ in place of C/EBP␣ (data not shown). These results suggest that Z does not inhibit the ability of C/EBP␣ or C/EBP␤ to bind directly to the TNFR1 promoter.
Wild-type Z is complexed more efficiently with the TNFR1 promoter in vivo than the Z(A204D) mutant is. To determine if Z associates with the TNFR1 promoter in vivo, we performed ChIP assays on HeLa cells that were transfected with wild-type Z, the Z(A204D) mutant, or a vector control. Wildtype Z was found to be associated with the TNFR1p sequences (positions Ϫ154 to Ϫ35) and the cellular IL-8 promoter as previously described (32) but not the ␤-globin gene (Fig. 8A) . In comparison to wild-type Z, the mutant Z(A204D) protein had a very weak association with the TNFR1 promoter but was associated with the IL-8 promoter at least as well as wild-type Z. These ChIP results, in contrast to the EMSA results, suggest that Z is complexed to the TNFR1 promoter in vivo through its direct interaction with C/EBP proteins bound to the TNFR1p DNA. Another group likewise found that an interaction between the Z and C/EBP␣ proteins which could be observed by ChIP assays over the C/EBP␣ promoter was not seen in gel shift assays, presumably because the complex does not survive the harsh EMSA conditions (77) .
To determine if Z inhibits the ability of C/EBP␣ to interact with the TNFR1 promoter in vivo, we performed ChIP assays using HeLa cells (which have very little endogenous C/EBP␣) transfected with C/EBP␣ in the presence or absence of cotransfected Z. Z had a minimal effect on the ability of C/EBP␣ (Fig. 8B ) and C/EBP␤ (Fig. 8C) to bind to either the TNFR1 , and the amount of infectious virus produced by each condition was determined using the green Raji cell assay as previously described (30) . The relative virus titer produced by each condition is shown; the value for the amount of virus produced in cells transfected with wildtype Z is set at 100.
promoter or the IL-8 promoter. These results indicate that Z does not substantially inhibit binding of the C/EBP proteins to the TNFR1 promoter, consistent with the EMSA results.
In summary, our results indicate that wild-type Z, but not the Z(A204D) mutant, is tethered to the TNFR1p through its direct interactions with the C/EBP␣ and/or C/EBP␤ protein.
In the case of the TNFR1 promoter, this interaction presumably induces a transcriptionally incompetent complex.
DISCUSSION
The EBV Z immediate-early gene product is a multifunctional protein that not only plays an essential role in inducing lytic viral gene transcription and viral replication but also alters the host cell environment in multiple ways to promote efficient lytic viral replication. For example, Z disperses promyelocytic leukemia (PML) bodies (1), regulates cell cycle progression (9) , and modulates p53 function (45, 64, 65) . Z also inhibits a variety of different components of the innate immune response in cells, including the gamma interferon signaling pathway (50), interferon regulatory factor 7 (IRF-7) (27), NF-B (14, 25, 31, 48) , and TNF signaling (49) . Although we previously reported that Z-mediated inhibition of TNF signaling is primarily mediated by loss of TNFR1 expression in Z-expressing cells and that Z decreases the constitutive activity of a TNFR1 promoter construct (49), the mechanism for this Z effect was unknown. In this report, we show that Z downregulates the TNFR1 promoter activity, as well as TNFR1 protein expression, by preventing C/EBP␣-and C/EBP␤-mediated activation of the promoter. Furthermore, we demonstrate that this effect requires a direct interaction between Z and the C/EBP family members, since a Z mutant that cannot interact strongly with C/EBP␣ and -␤ is specifically impaired in the ability to inhibit the TNFR1 promoter as well as the ability to decrease TNFR1 protein expression. These results, combined with previous reports showing that the Z/C/EBP protein combination cooperatively activates the BZLF1 promoter (33, 77) , suggest that Z modulation of C/EBP family members is yet another mechanism by which Z alters the host cell environment to promote successful lytic viral replication. The transcriptional function of Z is essential for its ability to induce lytic viral gene transcription. Z initially activates the BRLF1 (Rp) promoter and then cooperates with the BRLF1 gene product (R) to activate all other lytic viral gene promoters. In addition, it has previously been suggested that C/EBP␣ cooperates with Z to help Z to autoactivate its own promoter (Zp) (33, 77) . Interestingly, DNA methylation of lytic viral gene promoters in some cases enhances the ability of Z to bind to, and activate, these promoters (6) . In this report, we have confirmed the finding by another group that Z directly interacts with C/EBP␣ (76, 77) and shown that Z also directly interacts with C/EBP␤. However, we found that a Z mutant that is highly impaired for interaction with both C/EBP␣ and C/EBP␤ is similar to wild-type Z with regard to its induction of early lytic viral gene transcription in latently infected 293 cells (Fig. 4) , which do not express the TNFR1 protein but do express C/EBP␣ and C/EBP␤. This result indicates that the direct interaction between Z and C/EBP␣/␤ is not required for the ability of Z to induce early lytic viral gene expression, at least in the 293 cell environment.
In addition to its essential role in activating expression of the viral proteins that mediate lytic viral DNA replication, including the helicase (BBLF4), DNA polymerase (BALF5), DNA polymerase processivity factor (BMRF1), primase (BSLF1), primase-associated factor (BBLF2/3), and single-stranded DNA binding protein (BALF2) (19) , Z plays another role in viral replication through its binding to the lytic origin of replication (oriLyt) and direct interactions with components of the viral replication machinery (19, 66, 79) . The latter function is independent of its transcriptional activation potential, as certain mutations in Z prevent lytic viral replication but allow Z to activate expression from lytic viral gene promoters (16, 46) . Interestingly, binding of C/EBP␣ and C/EBP␤ to the EBV oriLyt was reported to promote viral replication (33) . Therefore, we also compared the abilities of wild-type Z and the Z(A204D) mutant to mediate full viral replication in 293-ZKO cells. As shown in Fig. 4 , we found that the wild-type and mutant Z proteins were similar in their ability to produce infectious viral particles. This result indicates that the direct interaction between Z and C/EBP family members is not required for the ability of Z to mediate viral replication and/or release of infectious viral particles.
Since we recently discovered that both C/EBP␣ and C/EBP␤ activate the TNFR1 promoter, and we previously showed that Z inhibits the activity of this promoter, we explored the role of the interaction of Z with C/EBP␣/␤ with regard to the ability of Z to turn off the TNFR1 promoter. We found that wild-type Z inhibits the constitutive activity of the TNFR1 promoter and greatly decreases the ability of both C/EBP␣ and C/EBP␤ to activate the promoter. In contrast, the Z(A204D) mutant was impaired in the ability to inhibit the constitutive activity of the TNFR1 promoter as well as the ability to prevent C/EBP␣-and/or ␤-mediated activation of the promoter. Likewise, the Z(A204D) mutant was defective in decreasing the endogenous level of TNFR1 protein in Hone cells. Together, these results indicate that the direct interaction between Z and C/EBP␣ and/or ␤ may be primarily important for shutting down the expression of certain C/EBP␣-and/or ␤-responsive cellular genes rather than modulating Z-mediated activation of viral genes.
Although we show here that Z prevents C/EBP␣-and ␤-mediated induction of two different C/EBP␣/␤-responsive cellular promoters (the TNFR1 promoter and the Ob promoter) ( Fig.  1 and 5A ), another group previously reported that the combination of Z and C/EBP␣ actually increases the ability of Z to activate its own promoter (Zp) and also enhances C/EBP␣-mediated activation of the cyclin-dependent kinase inhibitor p21 (76) . We have confirmed here that the combination of Z and C/EBP␣ does indeed increase Zp activity compared to the effect of Z or C/EBP␣ alone (Fig. 5B) . Thus, the effect of Z on C/EBP␣/␤-responsive promoters is clearly promoter dependent. Interestingly, in contrast to what was observed with the TNFR1 promoter [in which the Z(A204D) mutant is impaired for the ability to inhibit C/EBP-mediated activation], we found FIG. 8. Wild-type Z is complexed more efficiently with the TNFR1 promoter in vivo than the Z(A204D) mutant is. (A) A ChIP assay was performed with HeLa cells transfected with vector control, wild-type Z, or the Z(A204D) mutant. Cross-linked DNA-protein complexes were immunoprecipitated using antibodies against Z or an IgG control (a nonimmunoprecipitated sample was saved as an input). Antibody-bound DNA sequences were then PCR amplified using primers spanning the TNFR1 promoter (Ϫ154/Ϫ35), the IL-8 promoter (which contains a Z binding site), or the ␤-globin gene. (B) A ChIP assay was performed with HeLa cells transfected with wild-type Z, C/EBP␣, both proteins, or a vector control. Cross-linked DNA-protein complexes were immunoprecipitated using antibodies against C/EBP␣ or an IgG control, and PCR was performed using TNFR1p or ␤-globin primers. (C) A ChIP assay was performed with 293 cells transfected with wild-type Z, C/EBP␤, both proteins, or a vector control. Cross-linked DNA-protein complexes were immunoprecipitated using antibodies against C/EBP␤ or an IgG control. PCR was performed using the TNFR1p, IL-8, or ␤-globin primer. The IL-8 promoter is known to have a C/EBP site. The results for each ChIP assay are quantitated on the right panels; y axis values were normalized relative to the level for input DNA for each condition.
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REGULATION OF TNFR1 BY EBV BZLF1 AND CELLULAR C/EBP 12371 that Z(A204D) is not impaired for the ability to help Z activate its own promoter (Zp) (Fig. 5B ). This result indicates that the cooperative activation of the Zp by Z and C/EBP family members does not require a direct interaction between these proteins.
Although the exact mechanism(s) by which Z inhibits C/EBP␣-and C/EBP␤-mediated activation of the TNFR1 promoter is not yet completely unraveled, our results here suggest that this effect involves a direct protein-protein interaction between Z and the C/EBP proteins but is not mediated through decreased binding of C/EBP␣ and/or C/EBP␤ to the promoter ( Fig. 7 and 8) . Instead, since we found in ChIP assays that wild-type Z is bound to the TNFR1 promoter to a greater extent than the Z(A204D) mutant (Fig. 8) , we favor a model in which Z is tethered to the TNFR1 promoter not through a direct DNA binding mechanism but through its interactions with the DNA-bound C/EBP␣ and/or C/EBP␤ protein. Similarly, Wu et al. found that the ability of Z to increase the C/EBP␣-induced activation of certain promoters is likely mediated by Z "piggybacking" to DNA-bound C/EBP␣ (76) . Interestingly, the same group showed that the direct interaction between Z and C/EBP proteins requires not only Z residue 204 but also residues within the basic DNA binding domain (77) . Upon the basis of our results here, it appears the complex containing the Z/C/EBP proteins in the context of the TNFR1 promoter is not transcriptionally competent. As the effect of the Z/C/EBP combination on promoter activity is clearly context dependent, we speculate that the presence or absence of Z binding sites on a particular promoter (and perhaps their spacing relative to the C/EBP binding sites) may dictate the final outcome of the interaction and also determine the degree to which the proteins can directly interact when bound to that promoter.
The Z protein is increasingly recognized as playing a crucial role in protecting cells with the lytic form of EBV infection from being killed through the effects of the innate immune response. Z attenuates type I interferon (IFN-␣ and IFN-␤) signaling by interacting directly with IRF-7 and preventing it from turning on IFN-␣ and IFN-␤ expression (27) . Z also promotes a cellular environment conducive to lytic infection by dispersing PML bodies, which have antiviral activity (1) . Z inhibits NF-B-induced immune responses by directly interacting with the p65 component of NF-B and inhibiting its transcriptional activity (48) . In addition, Z decreases the expression of major histocompatibility complex (MHC) class I and II molecules, thereby inhibiting the ability of EBV-specific CD4 T cells and cytotoxic CD8 T cells to recognize and kill lytically infected cells (34, 39) .
TNF is a master regulator of the immune response, and TNFR1 is its gatekeeper. In this paper, we have examined the mechanism(s) by which Z inhibits TNF-␣ signaling in lytically infected host cells and discovered that Z prevents TNF-␣-mediated cell death through its direct protein-protein interactions with C/EBP family members. This ability of Z to interact with C/EBP family members may not only be important for inhibition of TNF signaling but could also promote viral success through regulation of additional cellular promoters. C/EBP␤ in conjunction with NF-B is a key activator of the immune system (2, 69) , and thus, the ability of Z to block C/EBP␤ activity may more globally help to hinder the immune response to infection. For example, the promoters driving the IL-1, TNF ligand, granulocyte colony-stimulating factor (G-CSF), and nitric oxide synthase genes are all also activated by C/EBP␤ (15, 57) . Inhibiting C/EBP␤ activity could also provide a mechanism by which Z decreases MHC II expression (55) and antigen presentation. Determining if Z inhibits the ability of C/EBP␤ to activate other critical components of the host immune response, in addition to TNFR1, will be an important area for future study.
